

























































































































































































































































































































































































































































































































































































































List of Abbreviations 
ρb Soil bulk density (Mg m
-3) 
ψ Matric potential (-kPa) 
Dp Gas diffusion coefficient in soil  
(m3 soil air m-1 soil s-1)  
Do Gas diffusion coefficient in air 
(m3 soil air m-1 soil s-1)  
Dp/Do Relative gas diffusivity 
ϕ Total porosity (m3 air m-3 soil) 
ε Air-filled porosity (m3 air m-3 soil) 
ε/ϕ Relative air-filled porosity 
ρp Soil particle density (Mg m
-3) 
θg Gravimetric water content (g water g-1 dry soil) 
θv Volumetric water content (m3 water m-3 soil) 
ψa Air entry value (-kPa) 
AOB Ammonia oxidising bacteria 
AOA Ammonia oxidising Archeae 
A, A’ Pore connectivity parameter 
b Campbell water retention parameter 
BBC Buckingham Burdine Campbell 
DI Deionised water 
DOC Dissolved organic carbon 
GC Gas chromatograph 




N2 Nitrogen gas 
O2 Oxygen gas 
RMSE Root mean square error 
s.e.m Standard error of mean 
TPM Three porosity model 
WFPS Water-filled pore space 
WLR Water-induced linear reduction 
WRC Water retention curve 




















































































































































































































               




















































































































































































































































































Hydraulic head (cm H2O)  0 10.2 102* 1020 15300** 
Bar  0  0.01  0.1  1.00  15.00 
kiloPascal  (kPa)  0  ‐1  ‐10  ‐100  ‐1500 



















߰ ൌ ߰௔ ቀఏೡఏೞቁ
ି௕                                            [2.11] 
or as: 







































 ߰ ൌ ିଶ	ఙ ௖௢௦ሺఏሻ௥                                                                                          [2.15] 
Assuming that the contact angle is zero, the above equation can be rewritten as: 




























































஽೚ ൌ 	 ߝ
ଶ	  (Buckingham, 1904)  [2.18] 
஽೛
஽೚ ൌ 0.66	ߝ  (Penman, 1940)  [2.19] 
஽೛





















 ஽೛஽೚ ൌ 0.66ߝ	
ఌ
థ                               WLR (Penman) model   [2.22] 
஽೛
	஽೚ ൌ 		 ߝ
ଵ.ହ ቀఌథቁ                                WLR (Marshall) model   [2.23] 
஽೛
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஽೚ ൌ 0.2 ቀ
ఌ
థቁ
ଷ ൅ 0.004 ቀఌథቁ		                                                          [2.25] 
   
 25 
Xu et al. (1992) found that Dp/Do decreased to zero at ε of 10%, suggesting the presence of isolated 
pores and discontinuity in pathways of the soil pores. Such pore space is termed as ‘inactive’ or 
‘residual’ as it does not contribute to gas diffusion. It is also important to note that even though 
Dp/Do appears to be zero at this ε, it may in fact be 10-4 slower due to the reduced diffusivity of gas 
in water (Allaire et al., 2009). However, Hamamoto et al. (2011) showed that extremely compacted 
soil exhibited negligible inactive ε. 
It is known that soil compaction influences water retention properties and the volume and 
distribution of pores (Assouline, 2006). However, few models have been developed which combine 
gas diffusivity with soil water retention parameters to take into account soil type effects.  Freijer 
(1994) combined a gas flow pore model (Ball, 1981) and van Genuchten’s model (section 2.6.2.1) and 
showed the air entry value (ψa) (section 2.6.2.1)  of the soil’s WRC to be an important parameter  
which indicates a priori the water content at which pore blocking becomes relevant .  
Moldrup et al. (1996) introduced the Campbell b water retention parameter (section 2.6.2.1) into the 
gas diffusivity model as shown in the equation 2.26: 
𝐷𝑝
𝐷𝑜




𝑏                                                                                      [2.26] 
Moldrup et al. (1999) developed a so-called BBC (Buckingham Burdine Campbell) model (equation 
2.27) to predict gas diffusivity in undisturbed soils.  
𝐷𝑝
𝐷𝑜




𝑏                                                                                         [2.27] 
 
Moldrup et al. (2000a) modified the BBC model by introducing ε measured at -10 kPa 
(macroporosity, ε100) to describe soil structure effects on gas diffusivity (equation 2.28).  
𝐷𝑝
𝐷𝑜
=  (2𝜀1003 + 0.04𝜀100) � 𝜀𝜀100�2+3/𝑏                                                [2.28] 
Moldrup et al. (2004) further developed a three porosity model (TPM) (equation 2.29) to predict gas 
diffusivity for undisturbed soils when limited reduced water retention data is available. 
𝐷𝑝
𝐷𝑜




                                                                                                [2.29] 
where:  X was referred to as the tortuosity-connectivity parameter. 
  
 26 
Most of these models noted above for Dp/Do are modified power law functions of ε where the 
general equation can written as equation 2.30 (Troeh et al., 1982; Ball et al., 1988).  
𝐷𝑝
𝐷𝑜
= 𝐴𝜀𝑋                                                                                                     [2.30] 
where:  A and X are empirical constants (dimensionless).  
Hamamoto et al. (2011) described parameter A as the pore connectivity parameter and X as the 
water blockage parameter. The parameter X represents the resistance to gas diffusion due to the 
presence of water bridges between soil particles in the wet soil. The parameter X determines the 
curvature of the line representing the power law equation (equation 2.30) (Troeh et al., 1982).  
2.6.3.1 Methods to measure Dp 
There are various methods to determine Dp in soil. Taylor (1949) measured the diffusion of O2 
through soil using a Beckman O2 analyzer and emphasized that O2 diffusion through the soil might be 
important in determining soil aeration. Ball et al. (1981) measured gas diffusivity using radioactive 
krypton-85 as a trace gas. Currie (1983) measured the diffusion of hydrogen through the soil using a 
hot wire sensor. Rolston (1986) described the apparatus for measuring the diffusion of N2 into a gas 
mixture of Ar and N2 to determine the soil gas diffusion coefficient in the laboratory. Moldrup et al. 
(2000b) used O2 as the experimental gas for diffusion measurements with the Rolston apparatus and 
assumed that O2 consumption in soil did not induce significant error (< 1.5%).   
2.6.3.2 Dp/Do and N2O, N2 emissions 
The literature remains unclear as to whether Dp/Do is able to be used as a predictor of N2O 
emissions when used as a variable in the predictive models. However, Andersen and Petersen (2009) 
suggested that Dp/Do could be a better predictor of N2O emissions than WFPS after examining 
repacked soil, amended with nutrient solutions and adjusted to three matric potentials  
(-1.5 to -10 kPa).  
There appear to have been only three studies that have attempted to relate N2O emissions directly 
with measurements of Dp/Do. In situ N2O emissions were found to increase from N-fertilized soil, 
when the diffusivity of freon-22 was reduced from 1.9 to 1.5 mm2 s-1 following soil compaction 
(Sitaula et al., 2000). McTaggart et al. (2002) demonstrated a strong relationship between Dp/Do and 
cumulative N2O emissions from intact, fertilized (120 kg N ha-1), soil cores (four soil types) maintained 
at three different ψ levels. Van der Weerden et al. (2012) also demonstrated a strong linear 
relationship between Dp/Do and log N2O emissions from NO3- applied to soil cores and found that 
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    C = Co, t = 0 
 


















   (a) Position A 
 










































Standard gas O2 concentration (%)


















y = 0.5337x +0.0404 (r2 = 1.000)
 



























































































3.3 Head space gas sampling and analysis 
Soil cores were placed in new 1 L paint tins equipped with pre-fitted gas tight rubber septa. It was 
assumed that there would be no loss of gases from below the soil cores as they were placed on the 
flat surface inside the paint tins. Thus only surface fluxes were measured. Ambient air samples were 
taken at time zero (t0) and headspace gas samples (10 mL) for N2O determination were taken at 15 
(t1) and 30 minutes (t2) after sealing the headspace, using a 20 mL glass syringe fitted with a 3-way 
tap and 25 gauge 0.5 x 16 mm needles (Precision Glide, Becton- Dickinson, NJ). Each gas sample was 
transferred into a pre-evacuated (-1 atm.) 6 mL vial (Exetainer® tubes, Labco Ltd, UK) for N2O 
determination by gas chromatography (section 3.3.1).  
An isotope ratio mass spectrometer (PDZ Europa Ltd, Crewe, UK) interfaced to a TGII cryfocusing unit 
(PDZ-Europa Ltd 20-20) was used to determine the 15N enrichment of the N2O and N2 in the gas 
sample (Stevens and Laughlin, 1998). Each gas sample (15 mL) was taken using a gas-tight syringe 
after the headspace of the tin in which soil core was placed, had been sealed for 3 h and was then 
transferred into a pre-evacuated 12 mL vial (Exetainer ® tubes, Labco Ltd, UK). Fluxes of N2 were 
calculated using the equations of Mulvaney and Boast (1986) for triple collector mass spectrometers.  
3.3.1 Determination of N2O by gas chromatography 
Nitrous oxide fluxes were determined using an automated GC (8610, SRI Instruments, Torrance, CA) 
interfaced to an autosampler (Gilson 222XL, Middleton, WI) as described by Clough et al. (2006). The 
autosampler had a purpose-built double concentric injection needle (PDZ Europa Ltd, Crewe, UK) 
which enabled rapid transfer of the entire gas sample from the Exetainer into the GC. The GC had 
two 3 mm OD SS columns; a 1 m long pre-column preceded a 6 m long analytical column, both 
packed with Haysep Q. An automated 10-port gas sampling valve on the GC sent the O2-free N2 
carrier gas (40 ml min-1) through both pre-column and analytical column in either ‘inject’ or ‘back 
flush’ modes. A 4-port gas sampling valve attached at the posterior of the analytical column was 


































































߶ ൌ ଵିఘ್ఘ೛ 	                                                                                                        [3.10] 
Air‐filled porosity (ɛ) expressed in m3 air m‐3 soil was calculated by using ϕ and v as follows: 











































The diameter of the largest pore size filled with water at any given ψ was calculated using the 
modified form of the relation used by Schjønning et al. (2003): 
𝑑 =  300
𝜓
                                                                                      [3.14] 
where: 
d = diameter of the largest pore size filled with water (µm), 
ψ = matric potential (kPa). 
 
The water retention curves for each ρb were then determined by plotting θv content against ψ.  The 
volumes of the various pore size fractions were then calculated as the difference between θv at any 
two ψ. Following Walczak et al. (2002), the pore sizes were categorized as: 
• Total pore space, i.e., θv at 0 kPa or saturation; 
• Macroporosity, pores with diameter > 30 µm, i.e., difference in θv between 0 kPa and 
 -10 kPa; 
• Mesoporosity, pore with diameter between 30 to 0.2 µm, i.e., difference in θv between  
-10 kPa and -1500 kPa; 
























































































































4.2.2.2 Dye penetration method 
A dye penetration experiment was also performed to assess the maximum penetration depth of the 
applied urea solution under varying ρb treatments. The low toxicity tracer dye ‘Brilliant Blue FCF’ is 
easily visible in a soil matrix (Flury and Fluhler, 1994). Air-dried and sieved soil (< 2mm) was packed 
into stainless steel cylinders at ρb of 1.1, 1.2, 1.3 and 1.4 Mg m-3 that had been brought to the same 
moisture content as the cores receiving urea solutions. Dye powder was mixed with water (6 g L-1) 
and 30 mL was applied to repacked soil cores which were then placed on a tension table at  
-10 kPa. Then, 24 h later, the cores were excavated in 0.5 cm depth increments. Each 0.5 cm 
increment was carefully scraped clean of smeared dye and visually inspected for the presence of dye 
in each layer. A photographic record was also made (Fig. 4.4). 
4.3 Statistical analysis 
Data were tested for normality using the Anderson-Darling test (Anderson and Darling, 1952). Soil N2 
fluxes were log transformed using ln (flux+1) prior to analyses. Regression analyses were performed 
to assess the relationships of Dp/Do and WFPS with cumulative N2O-N and N2-N fluxes. Piecewise 
regression/split-line regression was performed to assess the relationship between cumulative N2-N 
fluxes and other variables. The equation for piecewise linear regression continuous at x = c is 
explained as follows: 
𝑦1 = 𝑎1 +  𝑏1𝑥     𝑓𝑜𝑟 𝑥 ≤ 𝑐                                                        [4.1] 
𝑦2 =  𝑎2 + 𝑏2𝑥    𝑓𝑜𝑟 𝑥 > 𝑐                                                          [4.2] 
where:  
a1, a2 = intercepts on y axis  
b1, b2 = slope of the two straight lines  
c = breakpoint 
The two equations (4.1 and 4.2) are equal at breakpoint c and a2 can be derived as   𝑎2 = 𝑎1 + (𝑏1 − 𝑏2)𝑐                                                                [4.3] 
Now the two equations (4.1 and 4.2) can be written as:  
𝑦1 = 𝑎1 +  𝑏1𝑥                                     𝑓𝑜𝑟 𝑥 ≤ 𝑐                           [4.4] 
𝑦2 =  𝑎1 +  (𝑏1 − 𝑏2)𝑐 + 𝑏2𝑥         𝑓𝑜𝑟 𝑥 > 𝑐                           [4.5] 
Pearson correlations were also performed. To test for differences between means, one-way ANOVA 
was performed on individual days. Tukey’s test was used to determine which means were 

























1.1  4.89 (1.49)  9.68   (0.96)  38.93 (5.06) 
1.2  5.44 (2.58)  8.38   (1.44)  45.55 (4.69) 
1.3  5.60 (1.62) 8.64   (1.27) 43.45 (3.84) 
















1.1  1.12 (0.02)  0.25 (0.02)  0.58 (0.00)  42 (4.1) 
1.2  1.20 (0.17) 0.28 (0.02) 0.55 (0.00) 51 (4.5) 
1.3  1.28 (0.03)  0.30 (0.01)  0.51 (0.00)  58 (2.5) 












  1.1  1.2  1.3  1.4 
Water‐filled pore space 
WFPS (%) 
44 (0.96)  51 (1.16)  61 (2.95)  70 (0.91) 
Air‐filled porosity  
(m3 voids m‐3 soil) 
0.32 (0.006)  0.27 (0.006)  0.20 (0.016)  0.14 (0.004) 
Calculated total porosity 
(m3 voids m‐3 soil) 
0.58 (0.000) 0.55 (0.000) 0.51 (0.000)  0.47 (0.000)
Volumetric water content 
(m3 water m‐3 soil) 
0.26 (0.006)  0.28 (0.006)  0.31 (0.016)  0.33 (0.004) 
Relative diffusion coefficient 
(Dp/Do) 
0.063 (0.008)  0.037 (0.012)  0.026 (0.007)  0.008 (0.005) 







  1.1 1.2 1.3  1.4
Water‐filled pore space 
WFPS (%) 
42 (1.61)  51 (2.17)  58 (1.80)  67 (1.4) 
Air‐filled porosity  
(m3 voids m‐3 soil) 
0.33 (0.009) 0.27 (0.011) 0.21 (0.009)  0.15 (0.006)
Calculated total porosity 
(m3 voids m‐3 soil) 
0.58 (0.000)  0.54 (0.000)  0.51 (0.000)  0.47 (0.000) 
Volumetric water content 
(m3 water m‐3 soil) 
0.25 (0.009)  0.28 (0.011)  0.30 (0.009)  0.31 (0.006) 
Relative diffusion coefficient 
(Dp/Do) 
0.061 (0.007)  0.039 (0.004)  0.026 (0.003)  0.013 (0.003) 
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1400 control 1.1 
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1.1  0.061 (0.007)a  702 (66.6)a  454 (31.1)a 
1.2  0.039 (0.004)b 612 (50.1)a 441 (20.7)a 
1.3  0.026 (0.003)c  584 (77.4)ab  426 (25.6)a 














































































































































































































































































































1.2 + urea 
1.3 + urea
1.4 + urea
Soil bulk density, b (Mg m-3)
































































r2 = 0.93, p < 0.01
b
Dp/Do























































r2 = 0.91, p < 0.01
b
WFPS (%)








































































































































































5.2 Materials and Methods 
5.2.1 Experimental design 
A silt-loam soil (Templeton silt loam, Typic Immature Pallic) was collected (0-15 cm) from the Duncan 
Block, Lincoln University and air-dried prior to sieving to ≤ 2 mm. Two experiments were performed, 
one at -6.0 kPa (experiment 2a) and the other at -0.2 kPa (experiment 2b). Both experiments had five 
identical ρb treatments replicated four times. The ρb treatments were 1.1, 1.2, 1.3, 1.4 and 1.5  
Mg m-3. There were five destructive sampling times on days 1, 7, 14, 24 and 35. Controls for 1.1 and 
1.5 Mg m-3 were also run. For each experiment, a set of 140 cores consisting of all ρb treatments and 
controls was placed on tension tables set at either -6.0 kPa (experiment 2a) or at -0.2 kPa 
(experiment 2b). Air temperature in the room housing the tension tables ranged from 23 to 25oC 
(mean 24.2oC). 
Sieved soil was packed into SS rings (section 3.2). To obtain uniform ρb during packing, the soil was 
carefully compressed uniaxially in four stages, using a snug compression tool. The bottom of each 
cylinder was covered with a fine nylon mesh (0.1 mm) in order to prevent any soil loss. The soil cores 
were packed with soil that had been previously wetted with deionised water to a moisture content 
that still allowed for the subsequent addition of a urea solution to bring the soil moisture to the 
required WFPS level. The purpose of having soil cores, post urea application, at the pre-determined 
WFPS values was so that no drainage of urea solution occurred during application or after placement 
on the tension tables. 
In order to determine the required WFPS at -0.2 kPa and -6.0 kPa, a completely separate set of soil 
cores was initially made where each ρb was replicated four times and all the cores were then 
saturated with water for two days prior to being placed on tension tables at -0.2 kPa and -6.0 kPa and 
left for one week to equilibrate. They were removed and then destructively analysed to determine 
gravimetric water content (θg) and WFPS was calculated. 
For each experiment, urea solutions (A1 and A2) with an N content of 10 g L-1 were used to simulate 
urine application. The urea N in the A1 urea solution had a 15N enrichment of 40 atom % excess, 
relative to ambient air.  The A2 urea solution was not enriched with 15N (natural abundance). Urea 
solutions were applied at a conservative rate of 700 kg-N ha-1 by pipetting them onto the soil surface, 





























5.2.4 Statistical analyses 
All statistical analyses were performed using Minitab (version 15). Each data set was tested for 
normality (Anderson and Darling, 1952). Fluxes of N2O and N2 concentrations were not distributed 
normally so were log-transformed using ln (value+1) prior to analyses (Tiedje et al., 1989). One-way 
ANOVA was used to determine differences among treatments on individual days with soil ρb as a 
factor and where differences occurred, Tukey’s test was used to determine which means were 
significantly different from one another. A Repeated Measures ANOVA (General linear model, 
Minitab) was used to determine the interaction of time x ρb on N2O and N2 data. Regression analyses 
were performed using Sigmaplot (version 12) to assess the relationship between cumulative N2-N 
and N2O-N fluxes with Dp/Do and WFPS. Pearson correlation coefficients were also calculated to 
determine the relationships between soil variables on individual days. Least significant differences 
(LSD) were calculated at the 1% level of significance for net rates of change in the NH4+-N and NO3--N 
concentrations. The two experiments, 2a at -6.0 kPa and 2b at -0.2 kPa were performed separately, 
each as an individual experiment. Therefore, it was not statistically valid to analyse ρb x ψ interaction 
effects. However, the data from experiments 1, 2a and 2b are compiled and discussed in the 
following Chapter 6. 
5.3 Results 
The results are divided into two parts, experiment 2a performed at -6.0 kPa and experiment 2b 
performed at -0.2 kPa. 
5.3.1 Results from experiment 2a (-6.0 kPa) 
5.3.1.1 Soil physical conditions (-6.0 kPa) 
The soil volumetric water content (θv) increased with increase in the ρb (p < 0.01) up to 1.4 Mg m-3 
with no significant differences between the 1.4 and 1.5 Mg m-3 ρb treatments. The WFPS increased 
with increasing ρb (p < 0.01) while ε declined with increasing ρb (p < 0.01). Soil Dp/Do decreased with 
increasing soil ρb (p < 0.01) on both day 7 and 35 (Table 5.1). There was no effect of urea treatment 
on the Dp/Do values when controls at 1.1 and 1.5 Mg m-3 were compared with the urea-treated 1.1 














































































































































































control 1.1  






















































































































































Soil ρb  0‐1  1‐7  7‐14  14‐24  24‐35 
1.1  1400 ‐27 ‐12 ‐24 ‐13 
1.2  1236 ‐29 ‐20 ‐16 ‐19 
1.3  1356  ‐65  ‐10  ‐18  ‐15 
1.4  1111  ‐42  ‐16  ‐20  ‐10 
1.5  1056  ‐60  ‐10  ‐11  ‐8 
significance  NS  NS  NS  NS  NS 
LSD (0.01) 
df=15, n= 4 
305 54 21 15 12 
NO3‐‐N (µg g‐1 soil d‐1) 
Soil ρb  0‐1  1‐7  7‐14  14‐24  24‐35 
1.1  15  5  12  16  10 
1.2  18 15 11 12 9 
1.3  16  18  10  9  11 
1.4  20  20  11  10  7 
1.5  21  20  7  2  ‐0.3 
significance  *  **  NS  **  NS 
LSD (0.01) 
df = 15, n = 4 































































1.5 + urea 
b
Days


















































































































































































Soil bulk density, b (Mg m-3)

































































r2 = 0.98, p < 0.01
y = 6.0+ 72exp(-360.6x)
b
Dp/Do (day 35)





























































r2 = 0.92, p < 0.001
y = 8.1 + 0.0008exp(0.12x)
b
WFPS (%)

























































































































































 N2O-N N2-N pH DOC NH4+-N NO3--N 
 

























































 N2O-N N2-N pH DOC NH4+-N NO3--N 
 




























































 N2O-N N2-N pH DOC NH4+-N NO3--N 
 
































































































































































1.3 + urea 
1.4 + urea 





























































































































































































Soil ρb  0‐1  1‐7  7‐14  14‐24  24‐35 
1.1  1491 ‐51 ‐63 6 ‐24 
1.2  1378 ‐52 ‐41 ‐8 ‐19 
1.3  1249  ‐48  ‐39  ‐6  ‐24 
1.4  892  ‐9  ‐39  9  ‐23 
1.5  994  ‐35  ‐22  ‐1  ‐18 
significance  **  NS  **  **  NS 
LSD (0.01) 
df = 15, n = 4 
240  54  23  13  7 
NO3‐‐N (µg g‐1soil d‐1) 
Soil ρb  0‐1  1‐7  7‐14  14‐24  24‐35 
1.1  15 14 16 ‐2 ‐7 
1.2  14 19 14 ‐4 ‐5 
1.3  16  19  16  ‐9  ‐4 
1.4  20  18  11  ‐8  ‐11 
1.5  21  16  14  ‐12  ‐9 
significance  **  NS  NS  **  ** 
LSD (0.01) 
df = 15, n = 4 
















































































































































































































































 Soil bulk density, b (Mg m-3)






















































































































 N2O-N N2-N pH DOC NH4+-N NO3--N 
 




























































 N2O-N N2-N pH DOC NH4+-N NO3--N 
 

























































 N2O-N N2-N pH DOC NH4+-N NO3--N 
 




























































 N2O-N N2-N pH DOC NH4+-N NO3--N 
 
















































































































Soil bulk density (Mg m-3)







































  1.1 1.2 1.3 1.4  1.5














































































































































































































































In experiment 2b (-0.2 kPa), daily and cumulative N2O-N fluxes were greater in the 1.4 and 1.5  
Mg m-3 ρb treatments although there was little difference in the WFPS levels (98 to 99%) among the 
soil ρb treatments. Cumulative N2-N fluxes were 20 to 25 times greater than cumulative N2O-N fluxes 
in all the ρb treatments at -0.2 kPa which showed that denitrification was the dominant process in all 
the ρb treatments with N2 as the main product. Ruser et al. (2006) also observed high N2: N2O ratios 
while assessing the combined effects of soil compaction and soil moisture on N2 and N2O emissions 
from NO3- fertilised intact soil cores.  
It is well documented that N2O fluxes via denitrification increase dramatically when WFPS exceeds ca. 
60% (Linn and Doran, 1984; Clough et al., 2004) and at a WFPS > 80% denitrification becomes the 
dominant process with N2 as the main end product (Veldkamp et al., 1998). The WFPS levels 
obtained following soil compaction in this study are similar to those earlier studies and support the 
view that denitrification resulting in N2 production was the dominant process at ρb values of 1.4 and 
1.5 Mg m-3 in experiment 2a (-6.0 kPa) and in all the ρb treatments in experiment 2b (-0.2 kPa). 
5.4.3 Soil relative gas diffusivity (Dp/Do), WFPS and cumulative N2-N, N2O-N fluxes 
At -6.0 kPa (experiment 2a), cumulative N2O-N and N2-N fluxes produced similar relationships with 
both, Dp/Do and WFPS, suggesting that at this ψ level both WFPS and Dp/Do are equally important in 
predicting these fluxes. A similar result was also seen in Chapter 4. 
In experiment 2a (-6.0 kPa), the value of Dp/Do was 0.004 and 0.0014 for the 1.4 and 1.5 Mg m-3 ρb 
treatments, respectively. This is below the previously reported limit (range of 0.005-0.02) where 
anaerobic conditions begin to develop in the soil (Stepniewski, 1981). Thus at -6.0 kPa, a decrease in 
Dp/Do below 0.005 provided conditions suited for N2O-N reduction to N2-N (Fig. 5.9b). The increase 
in WFPS from 85 to 89% at 1.4 and 1.5 Mg m-3 ρb treatments in experiment 2a (-6.0 kPa) was 4% 
(Table 5.1) while the decrease in Dp/Do was very small (0.002-0.0026) which resulted in an increase 
in the cumulative N2-N fluxes by approximately 20% at the end of the experiment. This shows that 
denitrification is very sensitive to small changes in Dp/Do.  
In experiment 2b (-0.2 kPa), Dp/Do was zero in all the ρb treatments. The reason for this was 
attributed to the low ε resulting from soil compaction and saturated soil conditions. It is known that 
at  ε < 10%, soil gas diffusion is near zero due to the presence of air as isolated pockets and 


































































































































































































































































































































































Soil b (Mg m-3)


















































































































































































































































7.3.5 Statistical analyses 
All the statistical analyses were performed using Minitab (version 16). Data were tested for normality 
using the Anderson-Darling test. The N2O-N flux data was ln (value +1) transformed while Dp/Do was 
log10 transformed before analyses. The effect of ρb at each level of ψ on inorganic N, DOC, bulk soil 
pH, WFPS, C, Dp/Do, N2O-N emissions and entrapped N2O-N from soil cores was performed using one 
way ANOVA with p < 0.05 to indicate level of significance of the differences. Tukey’s test was 
performed to detect the differences between the means. Effects of interaction between soil ρb and ψ 
on N2O-N fluxes, inorganic N, bulk soil pH, DOC, entrapped N2O and soil physical characteristics 
measured from +N soil cores were assessed using two-way ANOVA. Graphing and non-linear curve 
fitting were performed using Sigmaplot (version 12) while split-line regression (section 4.3) was 
performed using GenStat (version 14).  
One way ANOVA and Tukey’s test were also used to assess the effect of ρb on the values of WFPS, θv, 
Dp/Do, and soil pore continuity (C) and pore size drained where maximum N2O-N flux occurred. 
These indices are subsequently referred as WFPSN2Omax, θvN2Omax, Dp/DoN2Omax, CN2Omax and pore 
sizeN2Omax. A three-parameter Gaussian function described by equation 7.4 was fitted to the N2O-N 
fluxes and ψ data to identify ψN2Omax, i.e. ψ at which maximum N2O occurred for each ρb. 
𝑦 = 𝑎𝑒�−0.5�𝑥−𝑥𝑜𝑏 �2�                                                                 [7.4] 
where: 
y = N2O-N (mg m2 h-1), 
x = ψ (-kPa), 
xo= ψN2Omax(-kPa). 
a and b are fitting parameters (dimensionless) 
Soil water retention curves (WRC) obtained in Chapter 5 were used to calculate the air entry value 
(ψa) (section 2.6.2.1) using the Campbell equation (section 2.6.2.1). Data points that showed 
deviation from a linear fit were not included in fitting a linear line to the log-log plot of the water 
retention data for each level of ρb. The slope and the intercept of the straight line corresponded to 
the Campbell water retention parameter (-b) and air entry value (ψa), respectively (section 2.6.2.1). 






































1.1  607 (16)  432 (21)  167 (13) 
1.3  657 (27)  412 (16)  122 (16) 















1.1  120 (18)  115 (15)  38 (6) 
1.3  139 (12)  128 (11)  42 (9) 
















1.1  611 (21)  400 (20)  313 (11) 
1.3  632 (22)  458 (11) 323 (14) 















1.1  113 (18)  108 (5)  103 (14) 
1.3  131 (17)  112 (11)  96 (17) 
















































































































































































Air-filled porosity (m3 m-3)
























1.1  Dp/Do = 4.78(ε)3.92 0.90, p < 0.01








































r2 = 0.99, p < 0.05
b
Soil bulk density (Mg m-3)































Relative air-filled porosity (/)




































Air-filled porosity m3 m-3)





























2.0  0.07  1.27  0.91,  p < 0.001 
3.0  0.09  1.27  0.92, p < 0.001 
4.0  0.13 1.48 0.96, p < 0.001 
5.0  0.10 1.33 0.92, p < 0.001 
6.0  0.07 1.08 0.88, p < 0.001 
7.0  0.12 1.28 0.93, p < 0.001 
8.0  0.66  2.24  0.80, p < 0.001 
9.0  0.55  2.04  0.86, p < 0.001 






































r2 = 0.88, p < 0.01
b
Matric potential, (-kPa)





























Relative air-filled porosity (/)



















































































































































Soil bulk density (Mg m-3)















   
   











































































































































Soil bulk density (Mg m-3)



























































NO3--N (g g-1 soil)







Table 7.7 Linear function fitted to the plots of mean DOC concentrations on y axis and mean 
NO3--N concentrations on x axis for each soil ρb treatment (Fig. 7.19). 
Soil bulk density 
(Mg m-3) 
Fitted equation r2, p value 
1.1 y = 0.21x + 6.0 0.95, p < 0.01 
1.2 y = 0.20x - 2.4 0.78, p < 0.01 
1.3 y = 0.20x - 7.3 0.86, p < 0.01 
1.4 y = 0.22x - 8.1 0.84, p < 0.01 
1.5 y = 0.25x - 8.8 0.98, p < 0.01 
 
 
7.4.2.3 Soil N2O-N fluxes and relationship of N2O-N fluxes with ψ, Dp/Do, WFPS and ε 
Mean nitrous oxide fluxes from +N soil cores ranged from 0.01 to 71 mg m-2 h-1 (Fig. 7.20) and 0.002 
to 0.03 mg m-2 h-1 from -N soil cores during the course of the experiment. When the log-transformed 
N2O-N fluxes were analysed by one way ANOVA, there was a significant (p < 0.01) effect of soil ρb on 
N2O-N fluxes measured in +N cores. Within +N soil cores, N2O-N fluxes at 1.4 and 1.5 Mg m-3 were 
higher than at lower ρb treatments, except at -1.0, -1.5 and -2.0 kPa with maxima at -5.0 and -6.0 
kPa, respectively (Fig. 7.20). An interaction (p < 0.01) between ρb and ψ within +N soil cores resulted 
in N2O-N peaking at different levels of ψ depending on ρb. Maximum N2O-N fluxes occurred at -1.5 
and -6.0 kPa for 1.1 and 1.5 Mg m-3 ρb treatments, respectively (Fig. 7.20). The levels of ψ where the 
N2O-N flux was at a maximum, hereafter called ψN2Omax were determined by fitting a Gaussian 
function to the data (section 7.3.5). Values of ψN2Omax are presented in the Table 7.9. There was also a 
significant (p < 0.01) effect of N addition on the N2O-N fluxes as the N2O-N fluxes from +N cores were 
significantly (p < 0.01) higher than in -N cores. However, no effect of ρb was seen on N2O-N fluxes in 
the -N soil cores. The N2O-N fluxes were also normalised by dividing each individual N2O-N flux  
(mg m-2 h-1) value by the highest N2O-N flux (mg m-2 h-1) value attained in the experiment  
(Fig. 7.21). When normalised N2O-N fluxes were plotted versus ψ, relationships similar to those 
shown in Fig. 7.21 were obtained at each ρb level. A three dimensional relationship between N2O-N, 





















































































































































































Volumetric water content (m3 m-3)
























Figure 7.25 Relationship between measured N2O-N flux and air-filled porosity (m3 m-3) at varying 
soil ρb (Mg m-3). Numerals in the legend indicate ρb (Mg m-3) treatments applied. Error 
bars = s.e.m, n = 4. 
 
The values of WFPS and θv where the maximum N2O-N fluxes occurred are subsequently defined 
WFPSN2Omax and θvN2Omax and other variables were also defined accordingly as Dp/DoN2Omax, CN2Omax, 
εN2Omax and pore sizeN2Omax. When the values of these variables were determined, it was found that 
only Dp/DoN2Omax was the variable unaffected (p = 0.316) by soil ρb (Table 7.8). In contrast, the other 
variables differed with ρb (p < 0.01). The measured N2O-N flux values were at a maximum when a 
specific pore size was drained and these ranged from 197 to 57 µm for the 1.1 and 1.5 Mg m-3 
treatments, corresponding to a ψ of approximately -1.5 and -6.0 kPa, respectively (Table 7.8). 
 
  
Air-filled porosity (m-3 m-3)



























Variables  Bulk density (Mg m‐3)   



















































































































































b = 1.1 Mg m-3, y = 1.05 - 2.1x
b = -2.1, r2 = 0.97
b
log (s)














b = 1.5 Mg m-3, y = 1.77 - 2.5x







Replicate  ψa (‐kPa)  ‐b  **r2  ψN2Omax 
(‐kPa) 
*r2 
1.1  1  1.3  2.04  0.97  1.50  0.90 
1.1  2  1.2 2.14 0.98 1.60  0.91
1.1  3  1.5 1.95 0.94 1.52  0.89
1.1  4  1.1 2.10 0.98 1.45  0.88
1.2  1  1.9 2.30 0.95 2.08  0.78
1.2  2  2.2  2.23  0.96  2.15  0.82 
1.2  3  2.0  2.32  0.97  2.07  0.85 
1.2  4  1.9  2.40  0.97  2.12  0.77 
1.3  1  3.0  2.43  0.96  2.71  0.90 
1.3  2  3.1  2.42  0.96  2.85  0.93 
1.3  3  2.5  2.51  0.98  2.81  0.95 
1.3  4  2.4  2.53  0.98  2.92  0.89 
1.4  1  4.0  2.56  0.94  4.50  0.93 
1.4  2  4.3  2.53  0.92  4.66  0.91 
1.4  3  4.0 2.50 0.93 4.36  0.89
1.4  4  4.4 2.54 0.93 4.62  0.93
1.5  1  5.7 2.50 0.90 5.01  0.85
1.5  2  5.4 2.58 0.90 5.22  0.80
1.5  3  5.5  2.64  0.92  5.35  0.81 




















Air entry value (a ) (-kPa)




































y = 0.89x + 0.42








































Macroporosity (% of total soil volume)














r2 = 0.99 d
Microporosity (% of total soil volume)















Mesoporosity (% of total soil volume)






































Macroporosity (% of total soil volume)















































































































































































Volumetric water content 
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1.5  0.61 (0.150) 2.24 (0.321) 
2.0  0.33 (0.088) 2.81 (0.417) 
3.0  0.55 (0.124) 1.24 (0.650) 





























Relative air-filled porosity (/)

































































1.1    RMSE = 0.007
1.2    Bias = -0.003
1.3    Density corrected model
1.4    Chamindu Deepagoda et al. 2011b
1.5    
b
Measured Dp/Do



















1.1    RMSE = 0.033
1.2    Bias = 0.025
1.3    WLR (Penman model)
1.4    Moldrup et al. 2000b




























1.1    RMSE =  0.01
1.2    Bias = 0.005
1.3    modified BBC model
1.4    Moldrup et al. 2000a
1.5
Measured Dp/Do

















1.1    RMSE = 0.01
1.2    Bias = 0.007
1.3    TPM model






















1.1  0.0065 (0.0003)  0.0055 (0.0008)  0.0069 (0.0007) 
1.2  0.0062 (0.0004)  0.0033 (0.0005)  0.0055 (0.0003) 
1.3  0.0067 (0.0002)  0.0029 (0.0008)  0.0050 (0.0005) 
1.4  0.0064 (0.0003) 0.0047 (0.0009) 0.0063 (0.0007)
1.5  0.0060 (0.0003)  0.0029 (0.0008)  0.0050 (0.0005) 
  RMSE = 0.003, Bias = ‐0.002  RMSE = 0.001, Bias = ‐0.0006 
Measured Dp/Do
















1.1    RMSE = 0.005

























































































































































































































































































































The dye test performed in the experiment showed that the vertical depth of dye penetration 
in soil decreased with increase in soil ρb. This explained the lower DOC concentrations 
observed at the highest ρb treatments. This may happen in the field where urine deposited 
on the compacted soil may distribute horizontally rather than vertically.  
• In Chapter 5, two identical experiments were conducted at two levels of ψ, -6.0 and -0.2 kPa 
in order to increase the range of matric potential from chapter 4. This experiment again 
gathered N2O, N2 and Dp/Do data at less negative levels of ψ (wetter soil).  Inorganic N and 
DOC data were similar to those obtained in chapter 4. The flux data showed that cumulative 
N2O fluxes at -6.0 kPa decreased and cumulative N2-N fluxes increased with the increase in 
soil ρb. At -0.2 kPa, cumulative N2O-N fluxes were relatively lower than at -6.0 kPa at 1.1, 1.2 
and 1.3 Mg m-3. The maximum cumulative N2O-N flux measured as a % of applied N was 16%, 
at -6.0 kPa in the 1.3 Mg m-3 ρb treatment and decreased with further increases in soil ρb. 
This reiterates the potential for soil compaction to increase N2O emissions in grazed soils 
particularly in the presence of ruminant urine. The high cumulative N2-N:N2O-N ratios with 
increasing soil ρb specifically at higher ψ values has both negative and positive consequences 
as soil ρb has a huge potential to increase N2O fluxes as well the capability to reduce N2O to 
N2 specifically at higher ψ levels. This experiment also showed that soil ρb affected the soil’s 
water retention properties and pore size distribution.  
• In Chapter 6 data from Chapters 4 and 5 were compiled. The reason to do so was to assess 
the change in N2O-N and N2-N fluxes under the varying physical treatments applied (ψ and 
ρb) and their relationships with WFPS and Dp/Do. The combined results showed that higher 
urea-derived cumulative N2O-N fluxes occurred at -6.0 kPa at ≤ 1.3 Mg m-3. This suggests 
reducing compaction might actually result in increasing N2O fluxes from soil. This result does 
not suggest that soil compaction should be increased in order to reduce N2O emissions as it is 
also known that plant growth is reduced in compacted soils. However, it definitely indicates 
that ψ should also be carefully adjusted with simultaneous reductions in soil ρb in order to 
minimise N2O emissions from soil. Moreover, the variable, Dp/Do produced least scatter with 
cumulative N2O-N, N2-N fluxes and cumulative N2-N: N2O-N ratios. It was also observed that 
urea-derived cumulative N2O-N fluxes peaked at a mean Dp/Do value of 0.005 which is 




• Knowledge around the effects of ρb on soil water retention properties and its associated 
effects on N2O fluxes from soil is scarce. Only recently some studies have tried to relate N2O 
emissions from different soils with changing ψ. Thus in Chapter 7, another controlled 
experiment was performed. Soil cores were saturated with a NO3- solution and then 
desaturated to designated ψ levels. This experiment showed that at ψa there was a critical 
Dp/Do value which resulted in a maximum N2O flux from a soil under varying ρb. At ψ > ψa 
N2O-N was probably either entrapped in soil (Chapter 7) or was reduced to N2 (Chapter 6) 
while at ψ < ψa, N2O-N fluxes decreased, presumably due to soil conditions becoming 
aerobic. However, this N2O-N maximum value occurred at different ψa as a consequence of 
increases in soil ρb changing soil macroporosity, which ultimately decreased the air entry 
potential (ψa). Thus N2O-N maximum values for different ρb treatments occurred at different 
ψ referred to as ψN2Omax. This study shows, for the first time, that Dp/Do proved to be a 
consistent determinant of this maximum N2O-N flux from a soil varying both in ψ and ρb. No 
previous study has shown the importance of both ψa and Dp/Do to be critical in predicting 
peak N2O fluxes under variably compacted soil. In this experiment it was also shown that 
large amounts of N2O can remain entrapped in soils even 6 days after saturating the soil 
cores which suggests that entrapped N2O also has implications for greenhouse gas 
budgeting.  
• Numerical modelling approaches and experimental data go hand in hand.  Most of the 
models for predicting Dp/Do are based on ε and this study has shown that the relationship 
between Dp/Do and ε varies with both, soil ρb and ψ. As measurement of Dp/Do is relatively 
time consuming, predictive models are often used to estimate Dp/Do in various studies. 
However, little work has been performed in incorporating ρb effects in predicting Dp/Do in 
soil gas diffusivity models. The Dp/Do data collected in chapter 7 was used to develop an 
equation for predicting Dp/Do using the easily available parameters, ε and ϕ. The empirical 
equation developed in Chapter 7 was a better predictor of Dp/Do across soil differing in ρb 
and ψ levels when compared with other Dp/Do models. However, independent validation is 
required. In addition, the work in Chapter 7 showed that the parameters, water blockage 
factor (X) and pore connectivity factor (A) were not constant and changed with both ρb and 






































































1.0  0.033 (0.028)  0.024 (0.012)  0.027 (0.022)  0.03 (0.024)  0.026 (0.008) 
1.5  0.032 (0.013)  0.033 (0.023) 0.019 (0.008) 0.027 (0.011)  0.036 (0.013)
2.0  0.011 (0.006)  0.006 (0.005)  0.007 (0.004)  0.006 (0.007)  0.011 (0.010) 
3.0  0.006 (0.005)  0.013 (0.006) 0.017 (0.02) 0.009 (0.006)  0.011 (0.004)
4.0  0.007 (0.006)  0.008 (0.003)  0.006 (0.004)  0.01 (0.003)  0.007 (0.006) 
5.0  0.008 (0.006)  0.008 (0.007) 0.010 (0.007) 0.011 (0.008)  0.007 (0.010)
6.0  0.005 (0.003)  0.005 (0.003)  0.005 (0.005)  0.012 (0.011)  0.009 (0.004) 
7.0  0.007 (0.004)  0.008 (0.009) 0.014 (0.011) 0.004 (0.003)  0.007 (0.006)
8.0  0.004 (0.002)  0.009 (0.005)  0.009 (0.005)  0.007 (0.004)  0.008 (0.004) 
9.0  0.007 (0.005)  0.006 0.004) 0.007 (0.006) 0.004 (0.003)  0.009 (0.005)














1.1  1.2  1.3  1.4 
 
1.5 
1.0  6.04 (0.055)  6.09 (0.07)  6.09 (0.09)  6.18 (0.06)  6.13 (0.03) 
1.5  6.06 (0.05)  6.07 (0.03)  6.08 (0.09)  6.11 (0.09)  6.10 (0.05) 
2.0  5.96 (0.04)  5.84 (0.05) 5.88 (0.10) 5.81 (0.07)  5.96 (0.03)
3.0  5.81 (0.06)  5.70 (0.04)  5.68 (0.06)  5.73 (0.09)  5.81 (0.11) 
4.0  5.56 (0.09)  5.64 (0.04) 5.60 (0.07) 5.68 (0.13)  5.80 (0.09)
5.0  5.42 (0.11)  5.56 (0.04)  5.53 (0.09)  5.64 (0.13)  5.76 (0.05) 
6.0  5.44 (0.12)  5.60 (0.09) 5.73 (0.07) 5.60 (0.36)  5.65 (0.08)
7.0  5.32 (0.11)  5.56 (0.05)  5.60 (0.06)  5.53 (0.29)  5.67 (0.22) 
8.0  5.39 (0.07)  5.5 (0.07) 5.50 (0.14) 5.63 (0.18)  5.60 (0.18)
9.0  5.32 (0.08)  5.5 (0.11)  5.48 (0.13)  5.61 (0.02)  5.60 (0.03) 














1.1  1.2  1.3  1.4  1.5 
1.0  0.32 (0.04)  0.32 (0.52)  0.30 (0.04)  0.40 (0.12)  0.29 (0.26) 
1.5  1.19 (0.25)  1.24 (0.12)  1.21 (0.24)  1.13 (0.19)  1.02 (0.09)  
2.0  15.3 (0.50)  16.0 (1.47) 16.2 (0.89) 14.3 (1.49)  14.6 (0.69)
3.0  1.82 (2.09)  1.83 (2.07)  2.50 (3.03)  4.83 (2.09)  1.05 (1.01) 
4.0  2.26 (0.99)  3.68 (0.84) 3.58 (2.23) 6.32 (1.61)   5.81 (0.91) 
5.0  5.40 (0.52)  1.92 (1.19)  5.61 (1.51)  10.5 (3.81)  11.2 (3.29) 
6.0  8.64 (1.84)  9.75 (3.78) 12.0 (1.62) 12.0 (4.92)  14.9 (0.96)
7.0  12.9 (0.84)  11.5 (3.49)  13.2 (1.20)  15.1 (0.31)  13.4 (3.24) 
8.0  16.1 (2.84)  13.4 (2.54) 16.9 (0.68) 15.4 (2.99)  15.1 (0.58) 
9.0  3.30 (0.30)  3.40 (0.50)  3.28 (0.54)  2.84 (0.38)  2.97 (0.16) 














1.1  1.2  1.3  1.4 
 
1.5 
1.0  15.2 (1.42)  17.8 (6.68)  19.7 (1.44)  19.9 (4.37)  18.5 (4.38) 
1.5  12.1 (1.12)  13.2 (1.56)  15.6 (2.93)  20.6 (3.55)  19.4 (1.98) 
2.0  10.9 (1.27)  12.1 (3.81) 13.6 (4.01) 14.5 (1.85)  17.1 (2.03)
3.0  12.4 (0.88)  12.4 (0.69)  12.4 (0.95)  11.9 (1.30)  12.2 (1.76) 
4.0  11.3 (0.41)  12.2 (1.50) 11.08 (0.30) 11.5 (0.76)  11.4 (2.23)
5.0  7.84 (1.31)  6.89 (1.10)  5.42 (2.53)  5.32 (1.50)  5.57 (1.73) 
6.0  4.80 (2.11)  5.59 (0.99) 5.80 (1.45) 3.82 (1.58)  4.28 (0.77)
7.0  4.01 (2.07)  2.80 (2.16)  2.99 (2.00)  3.38 (2.19)  3.25 (1.35) 
8.0  2.96 (0.48)  2.85 (0.27) 2.41 (1.16) 4.21 (1.96)  3.97 (2.27)
9.0  1.85 (0.41)  3.33 (0.10)  3.16 (0.82)  4.25 (0.85)  3.09 (1.39) 
10  2.17 (0.93)  1.14 (0.21) 1.01 (0.08) 0.84 (0.33)  0.95 (0.07)
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